INTRODUCTION
About one decade ago a new and somewhat strange debate appeared among the surgical community dealing with surgery of the great vessels: 'What is (or would be) the best site and approach for the arterial access during surgery of the aortic arch and, in particular, in front of hostile aortas and/or during emergencies? ' As a matter of fact this question had not been raised previously, because, since the first aortic arch replacements in the early sixties, there was one and only site and approach almost systematically used, whatever the pathology, the circumstances and the lesions: the femoral arteries.
The debate was initiated by the publication in 1995 by Joseph Sabik and co-workers of the technique of cannulation of the right axillary artery (AxA). Other few modes of cannulation through a peripheral artery were proposed in the ensuing years but, among those, the most intriguing was the proposition in 2003 by Paul Urbanski to use a common carotid artery (CCA).
PRO AXILLARY ARTERY CANNULATION

Joseph F. Sabik, Cleveland, OH, USA
The AxA has become ours', as well as others', preferred site of arterial cannulation for cardiopulmonary bypass (CPB) when the ascending aorta is unsuitable for cannulation [1] [2] [3] [4] [5] . Cannulation of the AxA has several advantages. First, it is an easily mastered and reproducible technique [1, 2] . Second, the AxA is rarely affected by atherosclerosis or dissection making it a more reliable site of cannulation [6] [7] [8] [9] . Third, AxA perfusion decreases cerebral and visceral atheroembolism [10] . Forth, AxA cannulation facilitates selective antegrade cerebral perfusion during hypothermic circulatory arrest (HCA) [11] . And fifth, AxA cannulation allows for arterial cannulation prior to performing the median sternotomy.
Easily mastered and reproducible cannulation technique
AxA cannulation is a simple and easily learned technique [1, 2] . The AxA is exposed through a small incision below the lateral two-thirds of the clavicle. The underlying pectoralis major muscle is divided in the direction of its fibres, exposing the clavipectoralis fascia. This fascia is incised, and the underlying pectoralis minor muscle is retracted or divided. The AxA is now located by palpation and is usually found superior to the axillary vein. The first part of the AxA is sharply dissected away from the surrounding tissue and brachial plexus. By exposing the artery medially, the brachial plexus is usually avoided. However, if encountered, to avoid plexus injury gentle traction should be used on the nerves when separating them from the AxA. The patient is systemically heparinized and proximal and distal occlusion of the artery is performed with arterial clamps.
The AxA may be cannulated directly or indirectly [1, 2] . When directly cannulating the AxA, a purse string suture is placed in the anterior wall of the artery and passed through a tourniquet. A longitudinal incision is made in the centre of the purse string and the artery is cannulated. When indirectly cannulating the AxA, an 8-mm graft is sewed in an end to side fashion to the artery. At this stage, it is important to check for brisk back bleeding to ensure adequacy of cannulation. The cannula or graft is connected to the arterial perfusion line and the cannulation is again evaluated by test perfusing while monitoring arterial line pressure. Snaring the AxA distally to the cannulation site via a side-graft is not recommended to avoid sequelae of malperfusion.
After completion of CPB, the AxA is repaired. If direct cannulation is used, the purse string suture is removed and the artery is closed primarily or with a saphenous vein patch if primary closure would result in narrowing. If a graft is used, it is clamped as close to the AxA as possible, divided just distal to the clamp and oversewn. To eliminate the small stump that results from the residual side graft, a metallic clip is placed at the base of the graft. †Emeritus senior consultant surgeon.
Although AxA cannulation-related complications are rare, such as brachial plexus or AxA injury, cannulating the AxA with a graft decreases these complications [2] . In addition, after completion of CPB closure of the AxA cannulation site is simpler with the indirect technique. For these reasons, indirect cannulation with a side graft has become the preferred AxA cannulation technique.
A very rare complication of direct AxA cannulation is axillary artery dissection with extension into the aorta. If this complication occurs, AxA cannulation needs to be abandoned, and an alternate site of arterial cannulation must be used and repair of the dissected vessels performed.
Rarely affected by atherosclerosis or dissection
Unlike the innominate and femoral arteries, the AxA is rarely affected by atherosclerosis [6] [7] [8] . Importantly, patients with atherosclerotic ascending aortas unsuitable for cannulation are more likely to have abdominal aortic, iliofemoral and innominate atherosclerosis, rendering these sites unsuitable for cannulation [12] . The AxA is therefore a more reliable site of arterial cannulation in patients with hostile aortas.
In type I aortic dissections, the dissection usually does not extend into the AxA, making it a reliable site for true lumen perfusion with a low risk of organ malperfusion [7, 9] . This is unlike the femoral or innominate arteries, which are much more likely to be dissected. In addition, as long as there is not a re-entry tear between the axillary cannulation site and distal aortic reconstruction, it is not necessary to recannulate the ascending aortic graft when restarting systemic arterial perfusion. If a re-entry tear is suspected (high arterial line pressure, low left arm pressure or poor blood flow out innominate artery (IA) orifice when restarting systemic arterial perfusion) between the AxA cannulation site and distal aortic reconstruction, the ascending aortic graft must be cannulated prior to resuming systemic perfusion. Prior to distal aortic reconstruction, perfusing via the AxA in this situation is unlikely to cause a problem. Even if AxA perfusion is partly directed through the reentry tear into the false lumen, this will empty back into the true lumen at the proximal tear (as long as the aorta is not clamped distal to the aortic tear) and malperfusion or obstruction will not occur. However, restarting systemic arterial perfusion via the AxA after the distal reconstruction has been completed in this situation may result in the false lumen becoming a blind pocket that may dilate and obstruct the true lumen.
Decreases cerebral and visceral atheroembolism
Atheroembolism generated during cardiac surgery may result in stroke, visceral organ injury and death [12] [13] [14] [15] [16] [17] [18] [19] . They may be generated in a number of ways: (i) by cannulating, clamping or manipulating on atherosclerotic arteries; (ii) by the 'sandblasting' effect of the high velocity-jet of arterial blood exiting the cannula onto an atherosclerotic wall; and (iii) by retrograde perfusion through atherosclerotic arteries. AxA cannulation reduces all of these risks. First by cannulating the AxA, there is no cannulating and manipulating of a hostile ascending aorta. In addition, during AxA perfusion, any atheroembolism generated during manipulation of an atherosclerotic or aneurysmal aorta is directed away from the brain, due to the blood flow pattern (retrograde innominate and competing intracerebral right to left collateral blood flow) [10] . This results in AxA perfusion being neuroprotective.
As discussed earlier, the AxA is rarely affected by atherosclerosis, and therefore atheroembolism is unlikely to be generated by its cannulation and perfusion. If atheroemboli are generated during AxA cannulation, they will not migrate to the brain or viscera, but down the arm. This is in contrast to cannulation of the IA (which is more likely to be affected by atherosclerosis). Any atheroembolism generated during IA cannulation may end up in the brain.
During AxA perfusion, the arterial high velocity flow is away from the pathological aorta, and therefore, there is no 'sandblasting' effect during CPB. This will decrease atheroembolism generation during perfusion.
Patients with significant ascending aortic atherosclerosis are likely to have severe abdominal aortic, iliac and femoral atherosclerosis as well [12, 19] . Femoral cannulation and retrograde perfusion through these atherosclerotic arteries may result in the generation of atheroembolism and resulting visceral organ injury or stroke [15, 19] . AxA perfusion avoids this problem by maintaining antegrade perfusion. In our initial experience with AxA cannulation in 35 patients with extensive central and or peripheral vascular disease, no patient suffered a neurological injury or arterial embolic event [1] . In addition, a recent meta-analysis of 4476 patients comparing femoral cannulation with AxA cannulation in patients undergoing proximal aortic and arch surgery demonstrated better survival and decreased neurological injury in patients undergoing AxA cannulation [20] .
Facilitates selective cerebral perfusion during hypothermic circulatory arrest
For patients undergoing aortic surgery requiring HCA, right AxA cannulation facilitates continuous selective antegrade cerebral perfusion thereby minimizing global cerebral ischaemia [11] . Prior to the initiation of HCA, the IA is occluded and cerebral perfusion is initiated via the AxA at a rate of 10-15 ml/kg/min and adjusted to maintain a cerebral (right radial artery) pressure of 50-60 mmHg. After the aorta is opened, back bleeding from the left carotid is confirmed, and the left carotid and subclavian arteries are clamped or occluded with endovascular balloons. If there is not back bleeding from the left carotid, the left carotid can be selectively perfused.
Allows for arterial cannulation prior to performing the median sternotomy During reoperative cardiac surgery or aortic surgery, it may be beneficial to be cannulated for CPB and even commence CPB prior to opening the sternum. When patent bypass grafts or the ascending aorta is adherent to the underside of the sternum, redo sternotomy may result in graft or aortic injury resulting in catastrophic bleeding and/or myocardial ischaemia. AxA and femoral vein cannulation can be performed prior to sternotomy in anticipation of potential redo median sternotomy disasters. Although cannulation and commencement of CPB prior to redo median sternotomy may not prevent graft or aortic injury, it may mitigate the consequences.
Contraindications to axillary artery cannulation
There are very few contraindications to AxA cannulation. Contraindications include extension of the aortic dissection into the AxA, or axillary, subclavian, or IA stenosis. Cannulation of a dissected AxA can make perfusion of the true lumen unreliable resulting in cerebral or visceral organ malperfusion. Obstructive atherosclerosis of the axillary, subclavian or IA will result in high arterial perfusion pressures and inability to perfuse the patient.
Summary
AxA cannulation for CPB should be the preferred method of arterial cannulation when the ascending aorta is hostile due to atherosclerosis, dissection or aneurysm. Its ease of technique, maintenance of antegrade arterial perfusion, prevention of retrograde atheroembolism, and freedom from atherosclerosis and dissection make it a reliable and safe cannulation site. It is frequently a very special pathology that forces surgeons to stray from the surgical paradigms. This was the case with a patient with acute dissection, in whom the right AxA and both femoral arteries were dissected and the left CCA was the only arch artery that originated from the true lumen (Video 1). By sewing a side-graft to the left CCA artery, I used this approach for arterial return during CPB for the first time. Thereafter, I used this approach time and again in patients with vital indications for surgery and shared my initial experience with the surgical community [21, 22] . At this time, the right AxA has already been widely used for arterial cannulation in aortic arch surgery, even if the access revealed to be suboptimal in obese patients (timeconsuming, need to switch the arterial because of insufficient perfusion), the clinical relevance was limited to the right side only (cerebral perfusion), and a local and/or general complication rate of up to 14% was reported [23] [24] [25] [26] [27] . This motivated me to continue the use of carotid cannulation because the access on the neck revealed to be very fast and easy, the artery was strong enough to provide sufficient perfusion even in obese patients, no local and/or general complications were observed, and finally the artery could be used on the right or left side depending on the pathological situation. Consequently, we established this approach at our institution as the routine and, since 2005, have used it as the method of choice whenever the IA seems to be unsuitable (pathology) or even suboptimal (short, difficult exposition) for cannulation. It seems to me, however, that surgeons using AxA cannulation force the cannulation of the IA, especially in obese patients, to avoid the time-consuming approach, which does not offer the certainty of sufficient extracorporeal circulation. Yet, one has to bear in mind that even small arteriosclerotic changes can cause severe neurological sequels [28] . In all cases, in which pathology of the IA is not clearly presented in preoperative contrast-enhanced computed tomography angiography as demonstrated in Fig. 1 , we start with the chest opening and examine the IA carefully. Because CCA cannulation (from skin incision to complete installation of the arterial line) can be completed within a time range of 10-15 min in experienced hands [29] , we do not hesitate to move to the neck for CCA cannulation in those cases with only trace signs of arteriosclerosis in the IA or even if the approach is difficult (short IA or localized deep outside the chest).
PRO COMMON CAROTID ARTERY CANNULATION
The skin incision of about 3-4 cm is made along the medial margin of the sternocleidomastoid muscle, beginning approximately 3 cm above its sternal insertion and continuing towards the earlap (Fig. 2) . The CCA is isolated medial to the jugular vein (Fig. 3) and, after double cross-clamping, a longitudinal incision of about 1-1.5 cm is made between the clamps and an 8-or 10-mm vascular prosthesis is anastomosed end-to-side to the artery with a continuous 5.0 Prolene suture (Fig. 4) . Cross-clamping of the CCA enables a clear view and safe anastomosing for general cases and in cases of dissected arterial wall in particular [29] . The ease of the approach is probably the reason why the rate of IA cannulations is so low in our experience, but our neurological results seem to prove the point that IA cannulation should be performed only under optimal anatomopathological circumstances. Between 2005 and 2015, a total of 1052 patients including 170 suffering acute aortic dissection underwent open aortic arch surgery at our institution. The IA was used for cannulation in 99 (11.2%) elective surgeries and in only four (2.4%) acute dissections. Early (30-day) permanent neurological deficits occurred in 18 patients (1.7%) altogether with a rate of only 1.0% (n = 9) in the elective surgery group.
Nevertheless, we did not rely on clinical results only. We felt obliged to examine the haemodynamic properties of a carotid perfusion, even if, to the best of our knowledge, examinations in such a form have never been performed for axillary perfusion. We analysed flow and pressure characteristics in the CCA on both sides and in both proximal and distal directions from the cannulation site [30] . We were able to demonstrate that both, left and right CCAs are suitable for arterial return in extracorporeal circulation and recommended the use of the right side as the method of choice due to more favourable haemodynamic characteristics [30] .
Now from the perspective of more than 1000 carotid cannulations we can state with good conscience that CCA offers almost ideal access for arterial return.
Video 1: Animation of axial images of contrast-enhanced computed tomography (angio-CT) in patient with acute type A aortic dissection, demonstrating that left common carotid artery is the only arch vessel originating from true lumen.
1. The surgical access is very fast and easy [29] . 2. The CCA is wide and strong enough to ensure sufficient extracorporeal circulation even in very obese patients.
(Among 1052 patients operated between 2005 and 2015, 162 were equal or heavier than 100 kg, mean 109.4 ± 10.2; range, 100-168 kg.) 3. The risk of arterial wall injury is very low (it was not observed in any patient during our entire experience). 4. Because preparation of carotid artery bifurcation and internal carotid artery is generally not necessary, the injury risk of adjoining nerves, especially the hypoglossal nerve is very low. The same is true for the vagus nerve, which can be easily localized between the CCA and jugular vein and spared. (Such injuries were not observed in any patient during our entire experience.)
5. Local wound complications such as infections, lymph fistulas, etc. are very seldom and have not been observed in any case in our entire experience. This aspect is also very well-known from hundreds of thousands patients operated on carotid arteries due to vascular indications. 6. CCA offers antegrade aortic perfusion and is very well suited for cannulation and arterial return in severely arteriosclerotic or porcelain aortas, even if arch surgeries with circulatory arrest are not necessary [31] . 7. The approach to CCA on the neck offers, at the same time, an access to the jugular vein, which is very suitable for venous cannulation. Arterial cannulation of CCA and venous cannulation of the jugular vein are very advantageous for establishment of CPB before opening the chest in huge aneurysms contacting the posterior aspect of the sternum [32] . 8. Common carotid artery is infrequently pathologically changed in chronic aortic diseases necessitating surgery and occasionally changed in acute aortic dissection. In those situations, cannulation of a CCA can be combined with a meaningful surgical repair of such pathology, and therefore a preoperative diagnostics of supra-aortic arteries is indispensable. Until now, however, we were never confronted with arteriosclerotic stenosis that would demand surgical repair (e.g. enlargement plasty), yet several times, a repair of acutely dissected CCA could successfully be repaired [33] . Also the switch to contralateral ACC due to relevant atherosclerosis is seldom necessary (<0.5%) [34] . In contrast, among arch replacements performed due to atherosclerotic aortic pathologies, a replacement of the involved IA was necessary in up to 5% (publication pending). If the IA and/or ACC is dissected or stenotic, the CCA cannulation is not contraindicated. On the contrary, carotid cannulation can play an enormous role in abolishment of cerebral malperfusion; however, the use of an Y-shaped arterial line is indicated to ensure sufficient perfusion of the head and lower body [35] [36] [37] . 9. The CCA cannulation graft can be used as a bypass ensuring proper cerebral perfusion if there are any problems (pathological or technical) with reimplantation of the arch arteries [37] . 10. Common carotid artery is very useful for establishment of unilateral cerebral perfusion, which depending on underlying pathology, can be performed through the right or left CCA, generally offering sufficient protection regardless of the side used [34] .
Nevertheless, there is still a question, why CCA cannulation is not more common? Apparently, it takes some time between publishing a surgical technique and becoming a recognized method, especially if it goes beyond the accepted paradigm. And we see that a change of some paradigms, e.g. omittance of deep hypothermia during cerebral perfusion, is sluggish, even if the supporting arguments are provided by more than one author group. It may well be that precisely those paradigms themselves make the cardiac surgeons, for whom carotid surgery is not a common and familiar field, reluctant to use CCA for cannulation. It seems to be emphasized by the fact that those surgeons who were taught or even just personally saw a CCA cannulation have adopted it in their armamentarium. In our centre, CCA cannulation is a surgical routine performed by all seven surgical consultants as well as the many attending surgeons who prepare the surgical approach and establishing extracorporeal circulation. I had also an occasion to demonstrate this technique by performing arch surgeries personally in several cardiovascular centres in Poland. At the end of 2015, the Polish Society of Cardiac and Thoracic Surgeons and the German Society for Thoracic and Cardiovascular Surgery took a poll of all cardiovascular centres with the question if CCA is performed: a-routinely, b-selectively (depending on the patient's pathology or surgeon's preferences) and c-not yet. In Poland, the poll was answered by 29/30 centres revealing that eight centres use CCA cannulation routinely and 15 selectively. The popularity of CCA cannulation seems to be lower in Germany. Among 45/79 centres, which responded to the poll, five use CCA cannulation routinely and 10 selectively. Nevertheless, time and again I receive a feedback from recognized aortic centres about adopting this technique in surgical practice and even if there are still very few articles reporting CCA cannulation, an attentive reader will find reports demonstrating that CCA cannulation is not just an isolated experience of a one centre [38] .
For all the reasons mentioned above, I am convinced that the experience with CCA cannulation will increasingly grow and the results achieved by others will prove that carotid cannulation should be a preferred option in all cases of hostile aorta.
DICUSSION
Jean Bachet, Suresnes, France
About 30 years ago, on a Sunday night, I operated on an emergency patient with severe type A aortic dissection and some dissection of the supra-aortic vessels. Unfortunately and because of an organization problem, the control of the cerebral activity through permanent recording of the EEG that we were systematically using in our department during those years was not available that very night. According to the technique used at that time and despite the fact that the pulse in both femoral arteries was very weak, I cannulated one femoral artery and the repair consisted in the whole ascending aortic replacement under aortic cross-clamping. Everything seemed satisfactory but when I removed the clamp on the distal ascending aorta the prosthesis remained totally empty and flat despite the continuous CBP. Most of the flow had been sent into the false lumen and the brain had not been perfused during the whole procedure. The patient died one day later.
A few months later, I was discussing this case with an older and more experienced surgeon working in another hospital, when he told me: 'Perhaps in such a case you could have used the right AxA'. I looked at him rather surprised and sceptical about his suggestion, not answering but thinking to myself that this was weird, would be difficult and probably inefficacious. I was wrong. If I had followed his suggestion, used it in some cases and published it, I would have been famous! Indeed, about 10 years later, Joseph Sabik published the method that very rapidly became popular and has probably been responsible for the dramatic improvement in the immediate outcomes of difficult procedures on the thoracic aorta and, in particular, of acute type A dissections [1, 5, [7] [8] [9] .
But soon, a small debate came out: 'Should the right AxA be cannulated directly or through a side graft?' Personally I don't think it makes much difference and I have often cannulated the artery directly without rupture, retrograde dissection, neurological injury or right limb ischaemia. But some papers have reported such accidents. And in 2004 Sabik published a comparative study proving that the use of a side graft was significantly favourable in terms of reduction of local disorders [2] .
In 2006, I read an article by Paul Urbanski et al. [22] proposing to use systematically the CCA as a site of arterial cannulation during surgery of the thoracic aorta. My immediate reaction was that this proposition was quite strange, possibly dangerous and somewhat unrealistic especially when considering that the author had used indifferently the right or the left carotid artery. Despite the good results reported, I thought that this technique would not have much success and would rapidly be forgotten. I was wrong and fortunately enough I did not say that in public. I would have been ridiculous! Indeed, 10 years later the very large experience of Urbanski and colleagues has amply demonstrated that the proposed method is excellent, results in very few neurological accidents and is more and more accepted by other groups [29, 30, 34, 35] .
The two techniques described by their promoters in this review share, indeed, very important advantages that seem to be major factors of safety and satisfactory outcomes:
-the possibility of getting the arterial access before opening the chest; -the usual easiness and simplicity of the arterial approach; -hence, the usual rapidity of implementing the CPB; -the permanent perfusion of the whole aortic network in an antegrade manner; -the immediate possibility of perfusing the brain without any interruption during the whole aortic repair and the distal circulatory arrest; -the non-necessity of removal of the cannula during the aortic repair and of switching it to another site after completion of the repair.
However it should be quite clear that these advantages are particularly obvious in difficult circumstances and in front of severe lesions of the aorta such as aneurisms or false aneurisms of the ascending aorta and arch stuck to the posterior wall of the sternum, in which entering the lesion or rupture of the aorta when opening the chest, may result in massive haemorrhage and exsanguination of the patient [39] . These advantages are also obvious in presence of severe atheroma of the vessel (shaggy aorta) as severe embolic accidents represent an important risk.
But, because of the relatively frequent occurrence of acute type A dissection and because of the extended anatomical lesions such as malperfusion inducing severe physiological damages, this dreadful aortic accident is probably the pathology in which the advantages of the described techniques are more prominent.
Conversely, it is probably inappropriate to use systematically those two modes of cannulation in any case of aortic arch surgery.
Those techniques have indeed a few drawbacks. If we consider, for example the right axillary cannulation technique, there is no doubt that is some patients, and in particular in obese ones, the access to the artery may be rather difficult and time consuming. It is also undeniable that the proximity of often-important venous networks and major nervous structures imply a careful and delicate dissection and control of the vessel.
Similarly, if we consider the carotid artery cannulation, the approach in some patients may not be as easy as stated. More importantly, what about the patients with local atheroma, calcification or even stenosis of the CCA bifurcation? In addition and even though this may appear as rather trivial when surgical quality is at stake, the presence of a visible scar in the neck may be of some concern for patients with a favourable outcome when resuming their social life.
And, whatever the cannulation mode, the presence of another surgical site in addition to the sternotomy may possibly induce some complications such as local bleeding, haematoma, infection, delay in healing, etc.
Therefore, in patients without acute dissection in stable haemodynamic condition and/or chronic aortic lesions, in whom the sternotomy (redo or not) can be carried out without any particular risk, another mode of supra-aortic vessel cannulation may be preferable. In this matter, the IA cannulation appears as a very good option and as a good surrogate of the right axillary or carotid artery cannulation. It shares, indeed, most of their advantages. It is easily accessible in most circumstances. The diameter and length of the artery in most adults allow using a regular aortic cannula as well as its easy cross-clamping near its origin.
And, apart from the fact that cannulation cannot be carried out before opening the chest, its contraindications are the same as for the right axillary and carotid arteries.
This mode of cannulation has been recently rediscovered [28, 40] . Yet, IA cannulation has been used routinely by many groups for a long time but rarely published and therefore not properly advertised. My colleagues and I have used it as a routine mode of cannulation during the last three decades in all types of cardiac and aortic surgeries.
CONCLUSION
The rationale developed in the description of the two techniques of arterial cannulation of the supra-aortic vessels developed years ago by Sabik and Urbanski, respectively, is convincing. It is logical, anatomically and physiologically. It concentrates advantages that cannot be questioned and make them certainly superior to most of the other modes of cannulation either used classically or described recently. Indeed, the excellent results obtained with those two techniques and the improvement observed through their use in the last two decades in the operative outcomes of patients with either acute type A dissection or hostile aortas of any kind have been largely reported. There is, thus, no doubt that in cases with severely jeopardized aortas and, moreover, in surgery of acute type A dissection they represent a must. However, in more simple and elective cases we must certainly add to those two methods the technique of IA cannulation for its easiness and efficacy.
Nevertheless, all techniques have their strong supporters and opponents. As stated in a recent chapter of a text book about acute type A dissection: 'No technique combines all advantages and no drawbacks. Therefore it seems important that the surgical teams be aware of the various technical methods and decide the most convenient and less harmful type of arterial access for each case according to the patient's morphology, hemodynamic condition, anatomical and physiological lesions and impairment as well as their experience, skill, and local possibilities' [41] .
